We performed an empirical investigation of forest growth for two types of forests in northern Eurasia (larches and spruces) in order to show that the sensitivity of trees to the variable climate and geomagnetic field can be seen even under the large-scale average. The main purpose of this research was to model a forest growth rate V for each forest type on the basis of several environmental parameters influencing the tree growth in a high degree and to find the differences and similarities of the larches and spruces' response to changing environment. We showed that V, which is related to the annual tree-ring width, could be derived from the Normalized Difference Vegetation Index (NDVI) data. Averaged yearly by species for 1982-2006, it displayed a long-term decrease (most likely related to the global climate change) as well as short-term variations with periods of 2.2, 4 and 8 years. A composite function method was used for modeling. We selected several tree growth drivers (the temperature, precipitation, insolation and the geomagnetic field intensity) that were highly correlated with V, and a function was modeled that described the behavior of V. The correlation coefficients between the derived function and experimental time series were 0.8 for larches and 0.9 for spruces. Compared with spruces, larches demonstrated higher thermo-sensitivity. A loss of tree sensitivity to temperature changes is puzzling for dendroclimatology, as a similar process might have occurred during previous periods of sharp global climate changes (as observed currently). Sensitivity of trees to geomagnetic field changes is confirmed both at long-and short-timescales. Spruces are found to be more magnetosensitive than larches.
Introduction
Recent decades have been characterized by significant climate changes and consequent changes in terrestrial ecosystems, particularly forests. The normal functional conditions of many biotic components appear to be disordered on both local and regional scales. This is reflected in stress-induced tree mortality and tree growth degradation [1] - [3] . Even moderate environmental changes have produced visible shifts in forest vegetation dynamics, which have been detected by geostationary operational environmental satellites. Remote sensing, the most general method for observing the biosphere, allows the monitoring of climate-related changes in forest productivity (or greenness). Greenness can be successfully estimated through special indices such as the Leaf Area Index (LAI), Vegetation Optical Depth (VOD) and Normalized Difference Vegetation Index (NDVI) [4] - [6] .
The number of reports on negative changes in forest homeostasis (if to consider trees as an organism) increases every year. However, there have also been reports of the locally successful adaptation of forests to observed environmental changes as well as positive tendencies in the growth of certain species such as oaks [7] [8] . Therefore, certain questions arise:
-Do the environmental changes of recent decades influence forests negatively or positively? -Can we estimate the global impact of climate changes on trees, or is the effect obvious only at local scales? -Can we find an empirical model (formula) that satisfactorily represents the observed changes in forest growth at global scale?
In answering these questions, we should analyze observational data on the green biomass volume for large areas and define environmental parameters that determine forest development.
Parameters such as precipitation, insolation and temperature, are used in different forest simulation models. They are typically considered to be forest growth determinants (see [9] [10] and references therein, as well as links at http://models.etiennethomassen.com). The problem is that an ecosystem cannot be satisfactorily described by a linear model because the involved dependences are very complex. For example, the thermal sensitivity of ecosystems was experimentally found to be constant and independent of other environmental factors [11] , in contrast with several predictive models. Even nonlinear models that consider exponential thermal dependence of plant growth and plant respiration have several problems that are possibly related to neglected thermal acclimation [12] . Thus, our model should be nonlinear and include several parameters that influence tree growth to a substantial degree. Three of these parameters are well known and are mentioned above. However, there is an additional, often underestimated, parameter that should also be included in our tree growth model as an additional environmental component: a magnetic field.
Trees are a conductive medium containing moving liquid to which all electromagnetic effects may be applied. Like animals, trees demonstrate their ability to be magneto-sensors. The sensitivity of plants and trees to electromagnetic fields (both from natural and artificial sources) has been investigated by specialists in various countries for many years. There is evidence of plant and tree responses to magnetic field changes. This includes magnetotropism, sensitivity to variations of the geomagnetic and artificial magnetic fields in ultra-low-frequency diapason, plant reactions to magnetic storms, and many other effects (see [13] - [18] and references therein).
Although it represents a second-order effect, there are several practical applications of plant magnetosensitivity. For example, the stimulation of plant productivity and growth by a pulsing magnetic field was widely used in the USSR as a method to increase crop yields [19] - [22] . Recent investigations have confirmed previously obtained results and shown new possibilities for the treatment of plants with magnetic fields [15] [23]- [25] .
Natural variations in the Earth's magnetic field may impact plants and trees both directly and indirectly (for instance, through variations in the atmospheric electric field). The latter effect will be discussed below, and the first effect is determined by Ampere's law and the Lorentz force applied to sap (or any other biological liquid) as well as by mechanisms of forced and parametrical resonances in bio-objects [26] - [32] . Therefore, it would be reasonable to analyze a "tree growth−geomagnetic activity index changes" relationship based on a large-scale approach.
In the current investigation, we do not consider the direct impact of CO 2 on forest productivity [33] , as it is difficult to observe carbon fluxes at the global scale, and we assume this parameter to be dependent on the above-mentioned environmental factors. The aim of this paper is to analyze the "forest growth-environmental changes" connection at the global scale.
The main idea of our investigation may be stated as follows: if consequences of climate change are observed locally in many places, then the response of trees should also be visible in large-scale averages. The response of forests to a variable environment was studied based on remote sensing data for the annual biomass volume gained by larches and spruces in northern Eurasia over a period of 25 years. We averaged the NDVI by species and calculated a yearly tree growth rate as a function of NDVI. The tree growth rate was simulated on the basis of key environmental parameters. We demonstrated the importance of incorporating the cumulative effects of various contributing factors (including the geomagnetic field) that determine the vegetation activity of trees.
Methods

General Approach
For our purposes, we have to find a proper method for estimating the global-scale dependence of tree growth on climate change and for modeling the growth of forests in northern Eurasia. A method in which correlative maps are used to examine global-scale forest productivity appears to best meet this requirement [34] - [37] . According to this method, the world map is divided into grids measuring several square kilometers (pixels on the map), where some vegetation index X such as LAI or NDVI and a climatic variable Y (such as air temperature and atmospheric pressure) are recorded for a reasonably long time t. Both X and Y are averaged over each pixel with a time step ∆t << t. A correlation coefficient between the X and Y time series is then calculated for the same time interval (month, season, year, etc.) for every grid. As a result, a color map of correlation coefficients, which are marked with colors corresponding to values from −1 to +1, is obtained. This map is used as an alternative to visual comparative analysis of climate and vegetation maps (one map is analyzed instead of two).
Islands of a dominant color are easily observed on correlative maps, exposing areas of quasi-stable positive/ negative strong relations between vegetation characteristics and climatic parameters and allowing the estimation of long-term trends in the revealed relationships. The effectiveness of such an approach was shown in [38] and [39] . The approach was used to study correlations between LAI and the El Niño southern oscillation [38] as well as between NDVI, temperature and precipitation in northern and southern semiarid regions [39] .
Therefore, the method is appropriate for showing climate-vegetation dependencies in a large-scale study. However, the method does have certain limitations, because correlation coefficients vary from −1 to 1, and areas of dominant positive/negative correlation are local. If the coefficients are averaged over the entire map, no correlation may be found between the examined variables, as even adjacent areas of several tens of square kilometers may be characterized by different vegetation trends.
For example, the linear trend in LAI calculated for 1982-1990 was significantly positive in Europe, Siberia and many other large-scale areas, but negative in central and western Canada [40] . Climate change leads to a variability of correlation coefficients between vegetation and climatic indices through the map, as demonstrated by Buermann et al. [38] , who analyzed global LAI variations in comparison with El Niño events. South-central and southeastern South America and southwestern Africa showed positive correlations of LAI with the El Niño NIÑO3 index, whereas eastern Australia, northeastern Brazil, southeastern and central Africa, Indonesia, Central America and the west coast of the United States were characterized by negative correlation coefficients. There were also vast areas on the globe with zero correlation between LAI and NIÑO3 [38] .
Thus, if one averages correlation coefficients, for example, for the pair "NDVI-air temperature" over the entirety of northern Eurasia, the result is approximately zero for any time interval used for averaging. However, this result does not indicate the absence of global climate impact on tree growth because strong relationships between climate changes and tree growth are indeed observed. Hence, the discussed method must be modified to show correlations between vegetation characteristics and climate variables under global averaging.
We suppose here that an apparent "zero result" in correlation mapping may be avoided by separating species, that is, through the use of vegetation indices that characterize the greenness level of particular types of trees. We do not use the ordinary multi-species NDVI but, rather, an index associated with a certain species. Such an approach might yield a positive outcome in view of the result obtained by Bowman and Prior [41] , who showed that a general continental-scale growth trend of certain species occurs irrespective of the climate zone.
Selection of Species, Habitats and Basic Data for Investigation
The Northern Eurasian region was selected for the study, as demonstrated in Figure 1 (after [42] ). Types of vegetation are indicated through the analysis of the seasonal dynamics of NDVI [42] . Additional information on the vegetation map preparation can be found at http://bioval.jrc.ec.europa.eu/products/glc2000/products.php. According to the map, coniferous deciduous (larches, Larix) and coniferous evergreen (spruces Pícea, Abies, Pinus) forests cover, respectively, 8,032,392 km 2 and 4,785,994 km 2 of northern Eurasia (brown and green areas in Figure 1 ). As remote sensing is one of the best methods for the global observation of terrestrial surface and atmospheric processes [43] , we have used National Oceanic and Atmospheric Administration (NOAA) Advanced Very High Resolution Radiometer (AVHRR) meteorological satellite NDVI data (see data and documentation at http://gimms.gsfc.nasa.gov/ndvi/ndvie/GIMMSdocumentation_NDVIe.pdf). The index has a spatial resolution of ~64 km 2 and a temporal resolution of 15 days. We calculated yearly NDVI for 25 years (1982-2006) for both evergreen and deciduous trees over the regions shown in Figure 1 in order to examine tree-climate relationships at the large scale.
Parameters Used for Analysis
As we are interested in forest growth estimation and simulation, the most appropriate parameter for this purpose is the yearly forest growth rate. This parameter can be derived from NDVI characteristics similar to [44] . Figure  2 represents the typical behavior of NDVI during one year. The ordinate of the maximum of the NDVI curve divided by the growing season length t, as shown in Figure 2 , gives an approximate average yearly tree growth speed (rate) V, multiplied by two:
where t max is the time at which NDVI reaches its maximum. It follows from Equation (1) that the dimension of V is [NDVI arbitrary units/days]. Note that this parameter correlates with the rate of tree-ring yearly radial growth (annual tree-ring width), which is a key point for dendro-ecological and dendro-climatological studies [45] . Satellite data are widely used to assess plant production by linking the amount of absorbed photosynthetically active radiation with gross primary productivity (the total biomass). At the same time, the cambium material of tree rings is a product of photosynthesis; therefore, the linkage between remote sensing indicators of forest productivity and variations in tree ring width is logical. From this perspective, it is not surprising to find a positive association between NDVI and tree ring measurements, as demonstrated in many previous studies [45] - [50] . The most influential external factors for the selected tree species were then determined and compared with V. We analyzed different environmental parameters that were averaged yearly for the entire areas covered by deciduous and evergreen forests. We then selected several environmental parameters from all possible ones (both mentioned above and such as cloudiness, ultraviolet index, wind speed, etc.), considering only the highest and statistically significant values of correlation coefficients between V and the examined parameters (see Results). These parameters are as follows:
1) Sum of incoming radiation per growing season: F (W/m 2 ); The Kp index, which characterizes geomagnetic activity variations at the global scale, is a 3-hour index calculated on the basis of data from 13 magnetometric observatories located over the globe (see an explanation of the index derivation at http://www.wdc.rl.ac.uk/Help/Kp/Derivation.html, and data at http://omniweb.gsfc.nasa.gov/form/dx1.html). The yearly averaged Kp index adequately represents the change in geomagnetic activity level under a multi-year analysis.
Method Used for Modeling
A composite function method was used as an empirical modeling technique, analogous to the neural network method (a description can be found in reference [51] ). This nonlinear method helps to reach the maximum of correlation between one dependent and several independent time series, if there is a real cause-effect relation between the series. In such a case, independent parameters, taken separately, are usually only moderately correlated with a variable, but their optimal combination could give a higher correlation with the variable.
The first step is a correlation analysis. Most strongly correlated time-series are identified (the modeled variable is supposed to be dependant). The positively correlated parameters are placed in the numerator, and the negatively correlated parameters are placed in the denominator. A simple linear correlation analysis does not allow the consideration of complex mutual dependences of different climatic factors and cannot describe the nonlinear reaction of a species to this environmental "cocktail". Therefore, a simulation is performed according to the algorithm discussed below.
Expert evaluation is an important part of the next step. An expert should test the most plausible view of the dependences between the analyzed parameters. Thus, the method demands a broad knowledge of the nature of the simulated processes. The last step is the adjustment of the computer coefficients, which can be demonstrated using the example of the row b n (where
We now determine the best b n view for the linear combination of K independent rows,
with coefficients k C that are determined by the condition that the maximal correlation between the fitting parameter and rows 
In this case, the coefficients should produce a maximum of the criterion function: 
Results
Correlation and Fourier Analysis
The time series of the yearly rate of tree growth V observed for deciduous and evergreen forests are shown in Figure 3 (a) and Figure 3(b) , respectively. First, there is a visible decreasing trend in V for both types of forests, possibly related to global climate change. Forests demonstrate the remarked decrease in the growth rate. For example, in the case of spruces, the approximation line crosses the axis of abscises within the next 244 years (the formula of linear approximation is indicated above the curve in Figure 3(b) ). This means that if the current trend continues and the adaptation limit is surpassed, spruce forests in Northern Eurasia are in danger of extinction. In addition to the long-term trend, relatively short variations in forest productivity with periods of several years are observed. A spectral analysis of the V time series is given in Figure 3 Such variations are most interesting to consider because they reflect the sensitivity of trees to the variable environment.
As mentioned above, the first step of modeling was the selection of parameters. All parameters listed in Subsection 2.3. "Parameters used for analysis" were considered as possible candidates among other variables such as winter precipitation, number of sunspots and cloudiness. Figure 4 represents the results of a correlation analysis of V with the five environmental parameters that demonstrated the highest correlation coefficients. The correlation coefficients obtained for deciduous and evergreen forests are shown as gray and white boxes, respectively.
For the analyzed number of cases, statistically significant correlations at the one-tailed significance level of 0.05 should be at least 0.34. From this perspective, the correlations with T and Kp appear not to be as well established as those with the other parameters. However, we considered the known weak sensitivity of NDVI to temperature and artificially high sensitivity to precipitation [52] and decided to consider all of the parameters in Figure 4 for modeling.
The correlation coefficients are approximately the same for both deciduous and evergreen forests, with the exception of the response of trees to temperature changes. Spruces demonstrate a lack of thermosensitivity and a high dependence on relative insolation.
Simulation of Tree Growth Rate
From the various modeling functions representing the behavior of the original V time series, the most effective modeling parameter V m was determined:
This parameter is valid for both types of trees (Z = deciduous, evergreen). Its numerical coefficients C are shown in Table 1 . Equation (6) and Table 1 improve our understanding of several forest-climate complex connections. For example, geomagnetic field variations are an important influencing factor for evergreen trees because the input of the Kp term in Equation (6) is one order greater than the input of the term characterizing the temperature effect (see Table 1 ). At the same time, larches demonstrate a high sensitivity to temperature changes. Such effects are only a part of the entire nonlinear response of northern Eurasian forests to environmental changes described by Equation (6) .
The validation of Equation (6) is shown in Figure 5 . The experimental V time series are shown in white, and These correlation coefficients are greater than the correlation coefficients between V and the analyzed parameters, separately included in Equation (6), by |0.1 -0.5|, which demonstrates the success of the modeling and confirms our hypothesis of the possibility of revealing the combined impact of environmental parameters on forests.
Discussion
In this study, we have emphasized the importance of considering a combination of different environmental drivers to better understand the dynamics of bio-systems. In particular, forests demonstrate sensitivity to various external variables, which might be taken into account altogether. A large-scale approach to the investigation of tree growth in northern Eurasia and its dependence on the changing environment has yielded unexpected as well as expected results.
The expected results are as follows: Figure 5 . Results of modeling. V m is a simulated parameter, and V is the observed tree growth rate for deciduous (a) and evergreen forests (b) in northern Eurasia. The corresponding regression lines and correlation coefficients are shown in the right panels, (c) and (d). 1) Trees are sensitive to climate changes (as is obvious even at large-scales);
2) The tree growth rate V can be simulated based on key environmental parameters; 3) "Forest growth-environment" connections are nonlinear. However, there are rather unexpected results: 1) We have obtained a unified formula that describes the growth of different types of trees, meaning that different species demonstrate similar behaviors that depend on the same key environmental factors. Different types of trees have different preferred environmental conditions, and it would be logically to find that completely different combinations of environmental variables were responsible for growth of spruces and larches. In other words, formula (6) is expected to have different view for different species. However, the examined species demonstrate a similarity in their adaptive characteristics. The coefficients in Equation (6) are different for these species, which corresponds to the adaptive "tuning" of spruces and larches to environmental changes against the background of their similar response to extreme conditions such as heat and cold waves, droughts and prolonged rainfalls.
2) Forest productivity depression is observed for both types of trees but is expressed most notably for spruces. If the observed large-scale forest productivity trend continues, spruce forests will become extinct in northern Eurasia within the next 240 years. This statement is not a prediction (as the adaptation process is not considered) but an issue for environmental awareness as well as a topic for further investigations. Similar negative trends have been observed for different types of trees worldwide, and all projections of future climate have suggested severe reductions in tree growth [53] . Certainly, the real development of forest distributions depends strongly on a future climate warming scenario [54] , but the agreement among the results obtained by a number of different investigators is a sign of the negative impact of climate change on the biosphere.
3) Tree growth is a function of geomagnetic activity. The geomagnetic sensitivity of trees has often been reported. Surprisingly, the Kp index of geomagnetic activity is correlated with V and may be used for forest growth modeling. The nature of this phenomenon is primarily related to the impact of magnetic fields on electrical processes in trees.
Plants are known to generate various types of intracellular and intercellular electrical signals in response to environmental changes [55] ; this phenomenon occurs not only in 'sensitive' plants (such as Mimosa pudica or Dionaea muscipula) but also in ordinary species [56] [57] . Variations in natural electromagnetic fields may change the velocities of these small-scale processes and impact trees as a whole.
The atmospheric electric field is the most important source of the electromagnetic sensitivity of trees [58] . The Earth's atmosphere represents a dielectric medium between two plates of a capacitor: the positively charged ionosphere and the negatively charged ground. The vertical atmospheric electric field is approximately 100 to 200 volts per meter under the so-called fair weather condition [59] [60] . Thus, there is a strong potential difference between the root and the crown of a tree. The ground, which absorbs an unlimited amount of current, is a commonly used return path for electric currents. Therefore, trees and plants represent grounded conductors inside the capacitor.
Conductivity measurements of plant sap have been performed since the beginning of the 20th century [61] . Recent papers on the investigation of sap flow variations and electric potential variations in tree trunks have demonstrated advanced approaches to experimental planning and considered many influencing environmental factors [62] . Experiments with different species confirm the presence of difference of electric potentials inside plants and trees from a few millivolts to a few hundred millivolts, depending on the object's height, temperature, soil characteristics and sap conductivity [63] [64] . Electric currents of several microamperes flow through trees during the fair weather condition and may be significantly larger during thunderstorms [62] [64] .
In certain places, the atmospheric electric field varies with the time of day and season according to the socalled "Carnegie curve" [65] and is very sensitive to cloudiness, illumination, humidity, dust, ionospheric conditions and global geomagnetic field changes (magnetic storms) [66] - [68] . The natural variations of the atmospheric electric field disappear inside buildings. This principle should be considered in planning indoor experiments with plants. This phenomenon was confirmed by the results of an interesting experiment performed indoors for a potted Ficus benjamina tree [69] . The experiment did not display any correlation between the "voltage and time of day, illumination, sap flow, electrode elevation, or ionic composition of soil", in contrast with outdoor experiments.
Unfortunately, measurements of the electric field of the atmosphere are provided by several scientific groups in a very limited number of places in the world, so there are still no experiments featuring simultaneous mea-surements of the electrical characteristics of trees and atmospheric electricity. Such comparisons would be important, because a sudden impulse of the geomagnetic field associated with the beginning of any geomagnetic storm results in abrupt changes in the ionosphere and, consequently, in the atmospheric electric field [70] [71] . The atmospheric electric field significantly changes, too, during strong geomagnetic storms. The intensity of those changes depends on the local time and latitude, but sometimes geomagnetic field storms may be clearly traced in the electric potential variations of trees.
One example of this effect is shown in Figure 6 . The measured tree (Populus nigra) electric potential (after 4 Figure 8 from reference [62] ) changes abruptly in accordance with the storm-time variations in the geomagnetic field, as shown in Figure 6 (a) and Figure 6(b) . The severe geomagnetic storm in this example produced a very strong change in the vertical component of the atmospheric electric field, which leads to pronounced changes in the electrical characteristics of trees.
This particular magnetic storm was unique because of its intensity [72] . Typically, magnetic storms are characterized by a Dst index level < −30 nT, and storms with Dst values below −100 nT are considered to be severe. The intensity of the geomagnetic field impacting trees during this period was one order of magnitude greater than usual.
Detailed experiments such as those reported in reference [62] are extremely rare, and the mechanism of the response of trees to changes in electromagnetic fields is still poorly understood and demands further investigations. However, certain reactions of plants and trees to geomagnetic field variations have been demonstrated. Therefore, it is reasonable to include parameters that characterize geomagnetic field intensity variations in models that describe tree growth and variation in leaf area indices.
As shown in Figure 4 and Table 1 , spruces are most sensitive to geomagnetic field changes. An increased level of geomagnetic activity is a positive factor for spruces. Further investigations should provide a better understanding of the magnetosensitivity of different species. 1) The thermal sensitivity of trees depends on the species and is unexpectedly low for spruces. This statement is in a good agreement with results [73] , which demonstrate that phenological sensitivity to temperature is very similar between Pyrénées and Fontainebleau forests, i.e. that thermal sensitivity of trees depends on species rather than on location.
During the considered period, spruces in northern Europe were substantially unaffected by temperature changes, whereas larches showed relatively strong effects. This difference may be an indicator of the strongly adaptive characteristics of evergreens. The poor correlation between temperature and evergreen growth is a puzzle for dendroclimatology, as spruces are believed to be thermo-sensitive. Theoretically, the radial growth of trees should depend on the summer temperature. However, a decreased thermal response of radial tree growth during recent decades has been reported by several authors [74] [75] . Most likely, global warming and the related CO 2 increase are responsible for this effect. Indeed, increased CO 2 may give additional "feeding" to trees and protect them from the effects of potentially stressful temperatures. This effect, called CO 2 fertiliztion, was discussed in [76] .
It is quite probably that several periods of similar thermo-sensitivity loss have occurred in the past. This finding means that the results of dendroclimatological paleo-reconstructions may contain significant errors related to the discussed effect. This conclusion is consistent with the results of the recent work [77] in which serious biases in tree-ring climate proxies were reported.
Conclusions
1) Trees sensitivity to climate changes is obvious even under the rough spatial average if to examine a certain species, which confirms the idea that the typical response of certain species to environmental changes is the same irrespectively of the habitat.
2) The tree growth rate is a nonlinear function of variables which represent the "environmental cocktail". These are the temperature, precipitation, insolation and the geomagnetic field intensity. Different species demonstrate similar behaviors that depend on the same key environmental factors.
3) The geomagnetic field most probably influences trees through variations of the atmospheric electric field. This is a secondary order effect.
4) Forest productivity depression is observed for both types of trees. Under reduced tree adaptation, this may lead to loss of vast areas covered by spruces in the relatively near future.
5) The thermal sensitivity of spruces was found to be unexpectedly low, which probably is a sign of changing amplitude of trees' response to temperature variations. This may make a puzzle for dendroclimatology, which is based on a supposition of stable dependence between atmospheric temperature and yearly tree-ring width.
As a whole, our approach confirms that the tree response on environmental change may be examined under consideration of several key external factors determining tree growth. The latter can be easily estimated on the basis of NDVI (or other similar indices) data for the certain species averaged over the large area. Potentially, the discussed method can be applied to analysis of ecological hazards for the certain kind of trees at the regional level.
